Backgrounds: Activation of CD4+ T lymphocytes with anti-CD3/CD28 coated magnetic beads promotes intrinsic resistance to HIV as well as cell expansion. The propose of this study is to define the optimal cell isolation protocol for expansion of CD4+ T lymphocytes by using anti-CD3/CD28 coated bead stimulation with an ultimate goal of using these cells for adoptive immunotherapy.
Introduction
Human immunodeficiency virus (HIV) infection causes a progressive decrease in CD4+ T lymphocytes which increases susceptibility to opportunistic infection. 1 However, long-term non-progressor patients (LTNPs) maintain a stable CD4+ T lymphocyte count within the normal range and undetectable HIV-1 viral load for many years with asymptomatic and slowly progressive disease in the absence of antiretroviral therapy (ART). 2 Although ART results in an increased number of CD4+ T lymphocyte, CD4+ T lymphocyte recovery is still limited in some patients. 3 Many alternative strategies to induce immune reconstitution have been introduced, such as transfusion of autologous CD8+ T lymphocyte into HIV-infected patients, but the response is limited due to a rapid exhaustion of these cells, since CD4+ T lymphocytes are required to maintain CD8+ T lymphocyte functions via cytokine production and CD40L expression on the surface of CD4+ T lymphocytes. 2, 4 Adoptive T lymphocyte immunotherapy has been proposed as a treatment of many diseases, including HIV infection, due to its ability to reconstitute the immune response of patients leading to longlasting immunity in vivo. 5, 6 Since adoptive transfer of T lymphocyte requires a large number of cells, there are several cell stimulating agents used in cell expansion protocols including phytohaemagglutinin (PHA) 7 , autologous antigen presenting cells with specific peptide 8 , and anti-CD3/CD28 monoclonal antibodies immobilized on magnetic beads. 9 With regard to its application in HIV infection, activation of CD4+ T lymphocytes with anti-CD3/CD28 coated magnetic beads promotes intrinsic resistance to HIV infection which is specific for macrophage-tropic isolates of HIV-1. 9 Studies in both human and nonhuman primates have shown that activation of CD4+ T lymphocytes with anti-CD3/CD28 coated beads induced cell expansion, increased expression of RANTES, MIP-1α, as well as MIP-1β and decreased expression of CCR5. [9] [10] [11] [12] Moreover, expanded cells predominantly exhibited cytokine secretion associated with T helper cell type 1 function, increasing telomerase activity and increasing the diversity of TCR Vβ repertoires. 10, 11 Adoptive transfer of anti-CD3/28 expanded CD4+ T cells is successful in both SIV-infected nonhuman primates and HIV-infected patients and is safe and effective in improving their immune system. [13] [14] However, previous methods used for expansion of CD4+ T lymphocyte exhibited a low expansion rate and also required a large number of starting cells, which is a limitation for clinical application, especially in HIV infected patients, since most patients have low CD4+ T lymphocyte counts. Since the process of cell expansion is labor intensive and time consuming, development of an efficient method is required in order to get an appropriate number of cells for adoptive immunotherapy. Therefore, the propose of this study was to define the optimal cell isolation protocol for expansion of CD4+ T lymphocyte by using anti-CD3/CD28 coated bead stimulation with the ultimate goal of using these cells for adoptive immunotherapy.
Methods

Subjects
Three normal healthy volunteers were recruited for this study. All subjects signed an informed consent form that was approved by the Institutional Review Board of the Faculty of Medicine Siriraj Hospital, Mahidol University. Fifteen ml of blood was collected in sodium heparin-containing vacutainer tubes. An aliquot of a blood sample was separated on Ficoll-Hypaque gradients to obtain peripheral blood mononuclear cells (PBMCs).
CD4+ T lymphocyte enrichment
Isolation of CD4+ T lymphocyte enrichment was performed by 3 different cell isolation methods. In the first method, enriched CD4+ T lymphocytes were directly isolated from whole blood with immunorosette formation by mixing 5 ml of whole blood sample with RosetteSep® Human CD4+T cell enrichment cocktail (STEMCELL Technologies, Vancouver, BC, Canada) following the manufacturer's instructions. Purified CD4+ T lymphocytes were isolated by a standard Ficoll-Hypaque gradient centrifugation according to the manufacturer's protocol. In the second method, an aliquot of PBMC was mixed with Dynabeads® untouched TM Human CD4 T cells (Invitrogen Dynal, Oslo, Norway) according to manufacturer's instructions. Enriched CD4+ T lymphocytes were isolated by negative selection using a magnet to remove non-CD4+ T cells. In the third method, another aliquot of PBMC was mixed with Dynabeads® CD8 (Invitrogen Dynal, Oslo, Norway) according to manufacturer's instructions. Enriched CD4+ T lymphocytes were isolated by CD8 depletion using a magnet to remove CD8+ cells.
Antibodies
The following monoclonal antibodies (mAb) and their conjugated fluorochromes were commercially obtained from BD Bioscience (BDB, San Jose, CA): anti-CD3 conjugated with fluorescein isothiocyanate (FITC), anti-CD4 conjugated with phycoerythrin (PE), anti-CD19 PE, anti-CD45 conjugated with peridinin chlorophyll protein (PerCP), anti-CD8 conjugated with allophycocyanin (APC), anti-CD16 APC and anti-CD56 APC.
Immunofluorescence staining and analysis
Whole blood samples were stained with fluorochrome conjugated mAb for 15 min followed by the addition of FACS lysing solution (BDB) in order to lyse the red blood cells and fix the sample. After cell washing in wash buffer (Phosphate buffered saline (PBS) containing 2% fetal bovine serum), stained cells were maintained in PBS with 1% paraformadehyde. Samples were acquired using a 
Cell Stimulation
One million cells isolated using each isolation method were stimulated with anti-CD3/CD28 mAb immobilized on magnetic beads (Invitrogen Dynal, Oslo, Norway) at a 1:1 bead to cell ratio. The cells were expanded in complete media (RPMI1640 with 10% fetal calf serum, 50 µg/ml PenicillinStreptomycin and 2 mM L-glutamine) and incubated at 37⁰C in a humidified 5%CO 2 . The expanded cell culture was re-stimulated on day 7 and maintained by the addition of fresh media on day 4, 7, 11, 14, 17 and 21. Cell numbers and viability were determined at each time point by trypan blue exclusion. Data are presented as mean ± S.D. of samples for fold of expansion and %viability. The expanded cells were transferred to appropriate container as needed to maintain a cell concentration of 0.5x10 6 cells/ml.
Results
Comparisons of cell recovery by different cell isolation methods
To determine whether a cell isolation method has an effect on the number of cell recovered and the phenotype of the purified cell population, CD4+ T lymphocytes were isolated from 5 ml of whole blood which was collected from healthy volunteers. Three different cell isolation methods were used, namely immunorosette formation (Method 1), negative selection using immunomagnetic beads (Method 2) and CD8 depletion using immunomagnetic beads (Method 3).
In method 1, Purified CD4+ T lymphocytes were directly isolated from whole blood via bispecific antibody tetrameric complexes that crosslink between non-CD4+ T lymphocytes and red blood cells. These crosslink complexes were removed by density gradient centrifugation which allows collection of purified CD4+ T cells from the interphase between cell separating medium and plasma. In contrast, methods 2 and 3 involved isolation of CD4+ T cells from PBMC by using cell-lineage-specific antibody conjugated with magnetic beads to deplete non-CD4+T cells from PBMC. While method 2 used an antibody specific to every cell type in PBMC except CD4+ T cells, method 3 used antibody that was specific to CD8+ cells.
The recovery of isolated cells using different methods is compared in Figure 1 . The results show that the highest number of isolated cells were provided by method 3, whereas method 1 provided the lowest number of isolated cells. The average number of isolated cells from method 1 was 2.0 ± 0.5 million cells. Since cell isolation by method 2 and 3 was performed on PBMC, we found that approximately 9x10 6 cells of PBMC were isolated from 5 ml of whole blood. The average number of isolated cells using method 2 was 2.6 ± 0.6 million cells, whereas 5.9 ± 1.0 million cells were collected using method 3. No difference in the viability of freshly isolated cells was observed between these three methods (data not shown).
Phenotypic characterization of isolated CD4+ T lymphocytes
To determine phenotypic characteristic of isolated cells, the expression of CD45, CD3, CD4 and CD8 were analyzed by the flow cytometry technique. The flow cytometric data analysis comparing cells isolated using the 3 different methods is shown in Figure 2 . Interestingly, while the majority of isolated cells from all methods were CD4+ T lymphocytes, method 1 showed the lowest frequency of non-CD4+ T lymphocytes. Method 2 showed a higher frequency of CD3+CD4-cells when compare to method 1. Furthermore, since method 3 depleted only CD8+ cells from PBMC sample, it provided the highest CD3-population. Based on this analysis, the percentages of T cell subsets among the lymphocyte populations isolated using different methods are shown in Table 1 . The result shows that method 1 gave the highest percentage of CD4+ T cells (98.2±1.0) when compared with methods 2 and 3 (86.6±5.6 and 52.5±9.9 respectively). Interestingly, while method 3 gave the highest number of isolated cells, approximately half of these cells are non-T cells. The percentage of total T lymphocytes from this method was lowest (60.9±11.3) when compared with method 1 and 2 (99.4±0.3 and 96.1±3.0, respectively). In order to determine the percentage yield for each method, the actual number of isolated CD4+ T lymphocytes was calculated relative to the number of CD4+ T lymphocytes in whole blood. The results show that the highest percentage yield was obtained using method 3 (34.8±10.2) when compared with method 1 and 2 (22.3±6.8 and 25.2±6.5, respectively).
Expansion rate and phenotypic characterization of isolated CD4+ T lymphocytes
To determine the expansion rate of CD4+ T lymphocytes from isolated cells by three isolation methods, one million cells isolated using each method was stimulated by anti-CD3/CD28-coated beads at a 1:1 bead to cell ratio. Cell culture was performed in the absence of exogenous cytokine or feeder cells. As shown in Figure 3 , the results indicate no difference in the expansion rate of cells isolated using the three different methods during the early phase of cell expansion. After bead stimulation for 14 days, expansion of isolated cells using method 1 showed a marked increase in the expansion rate when compared with the cells using methods 2 and 3. Moreover, within 3 weeks of cell expansion, the expansion rate of cells isolated using method 1 was 1055.3±158.7 -fold, whereas it was 390.3±297.1 and 445.0±262.5 -fold in cells isolated using method 2 and 3, respectively.
Determination of cell viability was performed on days 0, 4, 7, 11, 14, 17 and 21. As shown in Table 2 , cell viability was maintained at approximately 90% throughout the expansion period in all three populations. At the end of cell expansion on day 21, the percentage of cell viability in those isolated using method 1 was 90.4±3.8, compared to 87.7±6.2 and 91.3±4.4 for those isolated using methods 2 and 3, respectively. Furthermore, determination of cell size and complexity by flow cytometry showed that a population of blast cells was maintained until day 21 of cell expansion (data not shown). The phenotypic characterizations of expanded cells were determined on day 14 and day 21 of cell expansion. As shown in Table 3 , the results indicate no difference in the percentages of CD3+ T cells among the lymphocyte populations on day 14 and day 21 for all isolation methods. Although more than 90% of expanded cells from all isolation methods were CD4+ T lymphocytes, cells isolated using method 1 had the highest frequencies of CD4+ T lymphocytes after three weeks of cell expansion (99.3±0.2), when compared with those isolated using methods 2 and 3 (96.0±3.7 and 92.6±14.9, respectively). Phenotypic characterization of expanded cells showed a purified CD4+ T lymphocyte phenotype without any significant expression of CD8, CD19, CD16 and CD56 (data not shown).
Discussion
Although several studies showed many parameters have an effect on the proliferation of T lymphocytes, the influence of different cell isolation methods has not been previously reported. The activation of cell during the isolation procedure might lead to a reduction of T lymphocyte functions, including proliferation, cytokine production and alteration of the phenotypic characterization of the cells. [15] [16] [17] In this study, the effect of the cell isolation method on the expansion rate of cells and their phenotypic characterization were determined. The results demonstrate that the CD8 depletion method gave the highest cell recovery compared with CD4 enrichment by negative selection and immunorosette formation. However, the lowest percentages of CD4+ T lymphocyte were obtained by CD8 depletion since this method removes only CD8+ T cells.
A previous study showed that unfractioned cells in culture are more useful than purified populations of T cells for cell proliferation due to autocrine and paracrine action, such as IL-1 production from monocytes and IL-12 production from macrophages, as well as B-lymphoblast cells, that are presented to co-stimulate T lymphocytes. 18 However, we showed that the highest expansion rate was obtained from expanded cell cultures that use enriched CD4+ T lymphocytes from immunorosette formation, which provides highly purified CD4+T lymphocytes. This result might occur because this method involves the least manipulation of cells during isolation and the majority of isolated cells that are used in the expansion procedure are CD4+ T lymphocytes, when compared with other methods. However, although CD4 enrichment by negative selection provided a similar purity of CD4+ T lymphocyte, a cell expansion culture of these cells provided a lowerfold expansion when compared to immunoresette formation. CD4 enrichment by negative selection used PBMC for CD4+ T cell isolation, whereas immunorosette formation isolated cells directly from whole blood. It is possible that a longer period of cell isolation has an effect on isolated cells. Other Figure 3 . Expansion rate of anti-CD3/28-expanded CD4+ T cells during 3 weeks of culture. Enriched CD4+ T lymphocytes obtained using different isolation method were stimulated with anti-CD3/28 coated beads. The expanded cells were counted on day 4, 7, 11, 14, 17 and 21. The fold expansion was calculated relative to the starting cell number and represents a mean value for three healthy individuals. factors that have an effect on the cell growth of anti-CD3/28 activated T lymphocytes, such as IL-2 and serum supplementation, have been reported. 12, 18 Although cell expansion in this study was carried for three weeks, our results also confirmed that autocrine cytokines were sufficient to support proliferation of anti-CD3/28 expanded CD4+ T lymphocyte without any requirement for exogenous feeder cells or IL-2 supplementation. 19 According to our previous studies, CD4+ T lymphocytes isolated from SIV-infected monkeys and expanded with anti-CD3/CD28 coated beads provide 100-fold expansion within 2 weeks. 12 Levine BL et al also reported that stimulation of purified CD4+ T lymphocytes from HIV-infected donors expanded approximately 37-fold within 2 weeks. 20 Furthermore, cell expansion using PBMC provided 10,000-fold expansion but the proliferation of CD8 + T lymphocytes was higher than CD4+ T lymphocytes. 18 In this study, purified CD4+ T lymphocytes isolated using immunorosette formation exhibited more than 1000-fold expansion in three weeks with high cell viability and high purity of CD4 + T lymphocytes. This protocol might be useful for expansion of CD4+ T lymphocyte from HIVinfected patients since the cellular dysfunctions that are associated with several markers including CD57, CTLA-4 or PD-1, which lead to impairment of proliferation, cytokine production or cell exhaustion, occurr during the chronic phase of HIV infection. 21 Moreover, since the number of CD4+ T lymphocyte that can be obtained in patients are low when compared to healthy donors 22 , this cell isolation and expansion procedure reduces the amount of isolated cells that are required to generate large scale expansion of CD4+ T lymphocyte for HIV infected patients. The ultimate goal of CD4+ T lymphocyte expansion is to explore a potential novel treatment by autologous transfer of expanded CD4+ T lymphocytes to HIV infected patients. However, phenotypic characteristic and the function of CD4+ T lymphocytes are different in each stage of HIV disease progression, therefore CD4+ T lymphocyte expansion using anti-CD3/28 coated beads at different stages of the disease progression need further investigations before clinical testing of this protocol.
CD4+ T lymphocytes contain many subtypes of helper T cells that play a role in protection against viral infection, such as type 1 helper T cells that respond to intracellular infection and support cytotoxic T cell function, type-2 helper T cells that support the generation of an antibody response against pathogens, and regulatory T cells that play a role in suppression of immune responses. 2, 23 Although more than 99% of expanded cells reported in this study are CD4+ T lymphocytes, a further study is needed to determine the phenotypic characterizations and functions of these cells. Results are shown as mean percentages ± standard deviation. Table 3 . The percentages of T lymphocyte subsets among lymphocyte populations obtained from anti-CD3/28 expanded CD4+ T cells using three different cell isolation methods. In conclusion, CD4+ T lymphocyte enrichment via immunorosette formation provides an optimal isolation method for expansion of CD4+ T lymphocytes. High number of anti-CD3/28 expanded CD4+ T lymphocytes can be generated within three weeks. Taken together, a combination of this cell isolation method with anti-CD3/28 coated bead expansion provided high viability and high purity of CD4+ T lymphocytes.
